Abstract-Jumonji (jmj) was cloned in a gene trap screen to identify and mutagenize genes important for heart development. To investigate the role of jmj in heart development, we generated mice homozygous for the jmj mutation.
C ardiac development is a complex biological process requiring the integration of cell specification, differentiation, and morphogenesis. Many factors have been implicated in this process on the basis of their spatial and temporal expression patterns or their phenotypic effects when they are functionally inactivated in flies or mice. 1 Transcription factors playing critical roles in early cardiac morphogenesis include MEF2C, 2 GATA4, 3, 4 Nkx2.5, 5 and others reviewed in Reference 6) .
Identification of molecular pathways involved in normal heart development would lead to discovery of the genetic basis for human congenital heart disease. For example, congenital heart disease characterized by septal defects and abnormal atrioventricular conduction is caused by mutations in the transcription factor Nkx2.5. 7 Another group of human cardiac defects referred to as CATCH-22 may be caused in part by mutation in a downstream gene of dHAND. 8 A gene trap approach represents a versatile strategy by which genes that control developmental events can be identified and characterized while at the same time corresponding mutants can be produced. We have previously identified an ES cell clone that contains the jumonji (jmj) mutant allele by insertion of the gene trap vector, ␤geo. 9 This clone showed high lacZ expression in in vitro-differentiated ES cardiomyocytes. Although the jmj gene has been identified and described as developmentally important in the liver, spleen, thymus, and nervous system, 10, 11 neither its role in the developing heart nor the molecular function of the JMJ protein is understood.
We generated jmj homozygous mutant mice to examine the function of JMJ in the developing heart. Morphological analyses of jmj mutants revealed abnormal heart development. Myocardium development was shown to be defective by cardiac marker gene analysis. All mutant mice died soon after birth. The jmj transcript was abolished in the homozygous embryos except in the nervous system, resulting in a tissue-specific disruption of jmj. The present study demonstrates that JMJ is a nuclear factor that is necessary for normal heart development.
Materials and Methods
An expanded online Materials and Methods section containing details of the generation of the jmj mice, genotyping, cDNA cloning, in situ hybridization, morphological analyses, and antibody production is available at http://www.circresaha.org.
Results

Generation of jmj Homozygous Mutant Mice and Genotyping
␤geo was inserted 3Ј to the exon containing the translation initiation site, which was designated as exon 1 ( Figure 1A ).
Thus, all jmj mRNAs can be replaced by ␤geo sequences except for the first 15 codons. To genotype the offspring, the 3Ј flanking sequence of the trap vector insertion site was cloned by inverse polymerase chain reaction and designated as probe B. Probe B hybridized to an 8.0-kb band for wild-type or a 3.3-kb band for trapped genomic DNA when a Southern blot was performed ( Figure 1B) . Probe A, which was generated from the 5Ј RACE (rapid amplification of cDNA end) product, 9 hybridized to an 8-kb band for wildtype or a 10.5-kb band for trapped genomic DNA (data not shown). There were no live homozygotes among newborns, but all homozygous embryos were alive until E18.5, suggesting that all homozygotes died near birth (Table) .
To examine whether the homozygous gene trap insertion resulted in a null mutation, total RNA from E16.5 embryos was subjected to Northern blot analysis using a jmj cDNA as a probe. jmj mRNA was not detected in the mutant embryo bodies ( Figure 1C, lanes 1 and 2) when the membrane was exposed for up to 2 days, whereas a 5.4-kb band was detected in wild-type embryos (lanes 3 and 4). A faint band was observed after a 4-day exposure (data not shown) because of the expression of jmj in the nervous system (see below). jmj mRNA was detected in mutant brain (lane 6) at a similar level to wild type (lane 5). Detailed in situ hybridization (ISH) analyses indicated that the jmj mRNA expression was abolished in all tissues except the nervous system of homozygous embryos (see below). These data indicated that splicing to exon 2 occurred in neurons, resulting in the wild-type jmj transcript. lacZ expression was also observed in the nervous system of heterozygous and homozygous embryos (see online-only supplemental data at http://www.circresaha.org), suggesting that both the splicing to exon 2 and the splicing to ␤geo occurred in the nervous system.
jmj Is Expressed in the Normal Developing Heart but Not in the Mutant Heart
ISH analysis was performed to analyze the expression pattern of jmj in homozygous mutants (Figure 2 ). In wild-type embryos, jmj was widely expressed, including the brain and surrounding mesodermal tissues (A). In the mutant, jmj was only detected in the spinal cord, telencephalon, and cranial ganglia at E12.5 (C). The jmj transcript was not detected in any cell type of the mutant embryo body at E13.5 except neurons (E). Similarly, the normal expression of jmj at E17 (F) was not detected in the mutant embryo except in the spinal cord and peripheral ganglia (G). The sense probe did not show any specific hybridization (B and H). These data indicated that the homozygous jmj mutant allele abolished the jmj transcript in all tissues except the nervous system.
Northern blot analysis indicated that a single band of 5.4 kb was observed in various adult mouse tissues after overnight exposure ( Figure 1D ). jmj was highly expressed in the heart, brain, thymus, and skeletal muscle when normalized to ␤-actin. Therefore, jmj is expressed in all stages of developing hearts from the precardiac mesoderm to adult mouse hearts as indicated by lacZ staining of heterozygous and ISH of wild-type embryos ( Figures 1D and 2 At E16, wild-type (Figures 3B-a through 3B-c) and mutant ( Figures 3B-d through 3B-f) hearts were macroscopically distinguishable, as the mutant embryos were severely edematous (large arrows in B-d). The mutant hearts exhibited an abnormally thin trabeculated wall of both ventricular chambers in addition to DORV and VSD (arrowheads in B-d and B-e). A higher-power image of the ventricular wall indicates that the abnormally thin myocardium in mutants was due to a deficiency of the outer compact zone (arrows in B-f). Proliferation of myocytes at the ventricular epicardial surface (the compact zone) from E12.5 onward generates the thickened outer wall and contributes to the muscular septum that separates these 2 chambers. At E19, the outer compact zone of mutant hearts (Figures 3C-c and 3C-d) was absent compared with wild type ( Figures 3C-a and 3C-b ). There was a significant reduction in coronary vessels. The homozygous embryos exhibited DORV (C-e and C-f). To test whether an increase in programmed cell death could account for the thin myocardium and VSD, in situ apoptosis assays (Oncor/ Intergen) were performed using heart sections from E12.5 to E17 embryos. No significant increase in the number of apoptotic cells was observed in the mutant myocardium compared with wild type (Y. Lee, unpublished data, 2000) .
A total of 16 homozygous embryos from E13 to E19 were analyzed for their heart defects. VSD and noncompaction of the ventricular wall were observed with full penetrance. DORV was observed in 14 of 16 homozygotes. The aortic and pulmonary valves and atrioventricular valves appeared to be normal. Enlarged right atria and edema were frequently seen, suggesting hemodynamic dysfunction.
A microscopic examination revealed that the lungs of homozygous newborns did not inflate, suggesting the mice did not breathe after birth. The gross morphology of the lung and diaphragm appeared to be normal, but the ribcage and sternum were defective. The sternum is fused by E14.5 in normal mouse embryos. 13 However, in all mutant embryos, the sternum still comprised 2 bones, known as "cleft sternum" (small arrow in Figure 3B-d) . Skeletal staining of newborn mutants confirmed the defect in sternum fusion (Figure 4) . Robust ossification of the sternum was observed in wild-type embryos (A), whereas complete lack of ossification was evident in the sternum of mutants (B). Ossification of the ribcage in mutants was less than that of wild-type littermates. These skeletal defects may contribute to respiratory insufficiency by increasing chest wall compliance.
Analysis of Cardiac Marker Gene Expression
The role of JMJ as a potential regulator of cardiac musclespecific gene expression was investigated using ISH. cRNA probes hybridized to sections of E13 and E17 embryos were ␣-myosin heavy chain (MHC), ␤-MHC, myosin light chain (MLC)2V, MLC2A, ␣-cardiac actin, atrial natriuretic factor (ANF), 14 dHAND and eHAND, MsxI and Msx2, 1 vascular thorax. The pigmented layer of the retina is refractile in darkfield illumination (A through C). Arrowheads in panels D, E, and G indicate dorsal root ganglia. Arrows in panels D, E, and G indicate prevertebral ganglia. bf indicates brown fat; cg, cranial ganglia; dg, dorsal root ganglia; ht, heart; lg, lung; pg, prevertebral ganglion; ra, right atrium; rt, retina; sp, spinal cord; and te, telencephalon. Barϭ400 m. 
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cell adhesion molecule, and superoxide dismutase. All of these cardiac markers were expressed in mutant hearts. However, expression levels of ␣-MHC, ␤-MHC, MLC2A, and ANF were affected in a way suggesting that developmental regulation of these genes was disrupted ( Figure 5 ). The predominant expression of ␤-MHC in the embryonic ventricle normally switches to ␣-MHC near birth in mice. 15 The mutant ventricle at E17 showed that the expression level of ␣-MHC was much lower (Figures 5A and 5B) , whereas the expression level of ␤-MHC was higher than the wild type (data not shown). Expression of ANF in the ventricle normally declines rapidly near birth, whereas expression in the atrium is maintained. 16 The ventricle of E17 mutants exhibited a higher expression level of ANF than the wild type, suggesting a defect in downregulation of ANF ( Figures 5C  and 5D ). MLC2A is initially expressed throughout the tubular heart and is downregulated in the ventricle during chamber formation. 14 However, expression levels of MLC2A in the mutant ventricles were higher than those of wild-type ventricles from E13 and E17 embryos (data not shown). MLC2V, normally expressed only in the ventricle, 14 was expressed in some regions of the mutant atria (arrows in Figures 5F and  5H ). MLC2V expression in the mutant atria did not appear to coincide with regions of conductive tissue. Sense cRNA probes did not show any hybridization to tissue sections (data not shown). Other genes examined were expressed in a similar pattern in the myocardium of mutant and wild-type hearts (Y. Lee, unpublished data, 2000) .
JMJ Is a Nuclear Factor
Immunostaining assays were performed using 2 polyclonal anti-peptide antibodies against JMJ ( Figure 6 ). Nuclear staining of JMJ in transfected Cos cells was observed using the antiserum Ab1 (A) or Ab2 (data not shown) under the confocal microscope. JMJ is associated with chromatin during progression of the cell cycle from prophase (arrows in panels A and B) to telophase (Y. Lee, unpublished data, 2000) . Nuclear localization was confirmed by immunostaining of Cos cells transfected with jmj/pcDNA3.1 containing the Xpress tag epitope using the Xpress tag antibody (Invitrogen) (panel C). Cos cells transfected with the jmj-GFP plasmid showed nuclear localization of JMJ (data not shown). Immunoprecipitation was performed in NETN buffer 17 using in vitro-translated 35 S-labeled JMJ that was detected as a 150-kDa band. Both anti-JMJ antibodies immunoprecipitated the in vitro translated JMJ, whereas the preimmune serum did not, indicating the specificity of these antibodies (Y. Lee, 
Discussion
The phenotype of jmj mutants reveals a critical role for JMJ in normal heart development in mice. Cardiac function in the mutant embryos is likely to be severely compromised by the thin ventricular wall and the abnormal content of myocardial contractile proteins. In addition, VSD and DORV undoubtedly cause hemodynamic disturbances.
Cardiac Abnormalities in jmj Mutants
DORV is a heart defect that results from any perturbation that affects normal cardiac looping, especially the second phase, when the forming septa come into proper alignment. 18 In mice, such perturbations include targeted gene deletions of retinoid receptors 19, 20 and transforming growth factor-␤ 2 . 21 The perturbation in repositioning and remodeling processes during looping may lead to DORV in jmj mutants.
The ventricular septum is formed by 2 processes. The trabeculae condense at the interventricular groove. The medial walls of the expanding ventricles fuse together and grow inward, forming the major muscular portion of the septum. The poor development of the muscular septum in jmj homozygous embryos is most likely accounted for by the lack of ventricular wall expansion. Although the septum is the thickest portion of the ventricle in normal E14.5 embryos, in jmj mutants it appears to be a fenestrated thin wall with poor contribution from the compact zone of the ventricular wall. A subsequent lack of fusion of the endocardial cushions to the basal portion of this incomplete septum results in the observed VSD.
Vitamin A deficiency in embryos leads to a variety of heart defects. The major defects in retinoid X receptor (RXR)-␣ 20 and retinoic acid receptor double-mutant mice 19 include hypoplastic ventricular walls, VSD, dilated right atria, and DORV, all of which overlap with jmj mutant phenotypes. Therefore, it is conceivable that JMJ may share a common molecular pathway with retinoids and transforming growth factor-␤ in developing hearts.
Abnormal Regulation of Cardiac-Specific Genes in jmj Homozygous Mutant
The pattern of sarcomeric protein gene expression is tightly regulated in a tissue-and developmental stage-specific manner. Expression of cardiac-specific genes such as ␣-MHC, MLC2V, and ANF is regulated by several transcription factors, including Nkx2.5, GATA4, and MEF2. 5, 17, 22 Therefore, it is possible that JMJ may interact with these transcription factors to modulate the target gene expression. MLC2V was misexpressed in the mutant atrium. MLC2V protein has been identified in atria of humans with cardiomyopathy, 23 but its expression has never been reported in rodent atria. The genes that exhibited altered expression in mutants may be target genes of JMJ. Further investigation is necessary to determine the direct target genes of JMJ.
JMJ is a nuclear factor containing a region homologous to the DNA binding domain of the transcription factor family, ARID. The B-cell-specific transactivator Bright 24 and the dead ringer gene product 25 are members of this multigene family. Therefore, JMJ may be involved in a transcription factor cascade in heart development. The other motif in JMJ is homologous to yeast SWI1, which mediates transcriptional activation, 26 and 2 retinoblastoma (Rb) binding proteins. 27 Thus, JMJ may also be involved in cell proliferation and differentiation via interaction with the cell cycle regulator pRb or pRb-related factors, such as p107. 28 Given that we observed no increase in apoptotic cells in cardiomyocytes from E13 to E17 embryos, the reduced cellularity of the myocardium is likely caused by hypoplasia in mutants. Previously described hypoplasia of the liver, thymus, and spleen in jmj mutants 11 supports this hypothesis.
Phenotype Variations in Homozygous jmj Mutants
Homozygous jmj mice have been previously generated by a gene trap strategy, which exhibited a neural tube defect 10 or hemorrhage 11, 29 depending on the genetic background of mutants. There may be several reasons for the different phenotype in our jmj mutants compared with previous publications. First, it may be due to a difference in the genetic background of the mutants. Our jmj homozygous mice have a heterogeneous genetic background from 129/Svϫ129/SvJ R1 ES cells injected into C57BL/6 blastocyst, and outbred with C57BL/6, that is different from those of previous reports. This phenomenon of changes in phenotype with different genetic backgrounds has been described. 30 Second, the gene trap insertion site may cause the differences in phenotype. Gene alteration in the mouse may disrupt the expression of other genes located nearby. A very striking case of such neighboring effects emerged from the targeted inactivation of the myogenic basic-helix-loop-helix gene MRF4. 31 The gene trap vector in this study inserted 5Ј to the previously reported vector insertion site in the same intron. 10 Third, although the gene trap insertion generates a mutation at the genomic level, creation of a null mouse line does not appear to occur in all cases because wild-type transcripts were observed in homozygous mice. 32, 33 Our homozygotes were protected from the reported nervous system defects, 10 because the jmj transcript was expressed in the nervous system of the mutants. The mechanism of splicing around the gene trap vector in a nervous system-specific manner in our homozygotes remains unknown. Retrovirus insertional mutation can affect gene expression in a tissue-specific manner. 34 The cardiac abnormalities in jmj mutant hearts may reflect a primary deficiency of JMJ in the myocardium. However, given that JMJ is broadly expressed during gestation, another lineage might influence maturation and expansion of the myocardium and also provide positional cues for appropriate cushion and outflow tract development. For example, the RXR␣ mutant phenotype is not cell autonomous for the cardiomyocyte lineage, because ventricular muscle-restricted targeting of RXR␣ reveals a completely normal phenotype. 35 In summary, the present study demonstrates that JMJ is a nuclear factor that plays a critical role in normal heart development and is necessary for survival of newborn mice.
Therefore, jmj mutant mice provide valuable information in the understanding of molecular defects in congenital heart disease.
